The role of temperature in bulb dormancy induction and release was investigated in one-year-old seedlings of three populations of Lilium longiflorum, i.e., Yakushima (LYA) and Kikaijima (LKI) in the Ryukyu Archipelago, Japan and Pitouchiao (LPI), Taiwan, and two populations of L. formosanum, Wulai (FWU), Taiwan and domesticated Fukuoka population (FFU), Japan. LYA and LKI undergo deep summer dormancy, while LPI, FWU and FFU do not. Four weeks of high temperature induced dormancy in LYA and LKI, whereas two weeks of high temperature was insufficient. Dormancy was not induced in LPI and FFU even after eight weeks of high temperature. Re-growth after dormancy was initiated in LKI and LYA six to eight weeks after shifting to 15°C. In the temperature-controlled experiment, all the populations continued developing new leaves at 15°C for 22 weeks, and stopped leaf production at 20 and 25°C in winter, while FFU produced new leaves at 30°C. It is considered that summer dormancy induction and release in one-year-old seedlings of northern ecotypes of L. longiflorum is determined by the duration of high and low temperature, respectively. It was proved that development of non-or weakly dormant ecotypes of L. longiflorum and L. formosanum is associated with the lack or reduction of sensitiveness to high temperature.
Introduction
Lilium longiflorum is distributed in the Ryukyu Archipelago between the southern islands of Kyushu in Japan and the mainland of Taiwan over 1300 km distance. In contrast, L. formosanum, derivative of L. longiflorum (Hiramatsu et al., 2001) , is native and is distributed vertically from coastal areas to 3000 m height in the mountains of Taiwan's mainland (McRae, 1998; Wilson, 1925) .
We found that one-year-old seedlings of L. formosanum and L. longiflorum populations growing in the southern part of the Ryukyu Aarchipelago showed no or weak dormancy and keep growing even at high temperature (25 and 30°C) in July and August, while northern populations of L. longiflorum stopped leaf development when the temperature reached to 25°C in the middle of June and remained deep dormant state until the end of the following January (Mojtahedi et al., 2011 (Mojtahedi et al., , 2012 . In those experiments, it was suggested that dormancy in northern populations was induced by high summer temperature, and the effect of temperature was confirmed as an important factor for the differentiation of degrees of dormancy in L. longiflorum populations over the geographic gradient of the Ryukyu Archipelago (Mojtahedi et al., 2011 (Mojtahedi et al., , 2012 .
Despite these studies, relatively little is known about dormancy induction and release in one-year-old seedlings of natural lily populations through temperature. The fundamental questions are how temperature induces or releases dormancy in northern ecotypes of L. longiflorum, and how long it takes for dormancy induction/release. The important role of temperature as a dormancy-inducing/releasing signal has been studied in various geophytes. For instance, low temperature induces dormancy in L. longiflorum 'Hinomoto' (Okubo et al., 1988b) , tulips (Aoba, 1976; Le Nard and Cohat, 1968) , Allium sativum (Aoba, 1971) , and bulbous Oxalis (Aoba, 1972) . High temperatures induce dormancy and 64 extend the second phase of dormancy in yams (Dioscorea rotundata) (Ile et al., 2006) .
Low temperature can cause axillary bud sprouting of Allium sativum (Kamenetsky et al., 2004) and corm sprouting of gladiolus (Piya et al., 2012; Tsukamoto and Yagi, 1960) , while high temperatures release dormancy in potato tubers (Bryan, 1989) and separated scales of L. longiflorum 'Hinomoto' (Okubo et al., 1988b) .
In this study, the role of temperature in bulb dormancy induction and release was investigated in one-year-old seedlings of L. longiflorum and L. formosanum populations of the Ryukyu Archipelago.
Materials and Methods

Plant materials and culture conditions
Seedlings established from three populations of L. longiflorum, Yakushima (LYA, 30°3'N), Kikaijima (LKI, 28°4'N) in the Ryukyu Archipelago, Japan and Pitouchiao (LPI, 25°1'N), Taiwan and two populations of L. formosanum, Wulai (FWU), Taiwan and domesti- cated Fukuoka population (FFU), Japan were used for the experiments (Fig. 1 ). FFU has been naturalized for a long time and showed similar growth characteristics to FWU in our previous studies.
Seeds of each population were cultured in an incubator (16/8 h photoperiod, 70% humidity, 15°C) in mixture of sphagnum peat moss: vermiculite (Redi-Earth Sun Gro Horticulture Distribution Inc., Bellevue, WA, USA) and transplanted into plastic pots containing red loam: commercial soil (4 : 1) to grow in an open field or in temperature-controlled rooms in the phytotron of the Biotron Institute, Kyushu University. Nitrogen was used as a fertilizer in the soil mixture at a ratio of 15 g/10000 cm 2 , and leaf mold was used after transplantation to prevent soil evaporation. Ten individuals of each population were used for each experiment. Leaf numbers of the seedlings were counted every week.
Determination of dormancy induction and release 1. Effects of temperature shifting
Five-month-old seedlings of FFU, LPI, LKI and LYA were transplanted and cultivated at 15°C under natural day length for 2, 4, 6, and 8 weeks and then moved to 25°C for the following 12 weeks.
Effects of transplantation time in the natural
environment Three-month-old seedlings of the same populations as above and of FWU were transplanted in June, July, and August 2011 and cultivated in the experimental field until the end of October of the same year. Daily maximum and minimum temperatures were recorded in the field.
Effects of temperature and growth season
Five-month-old seedlings of FFU, LPI, LKI, and LYA populations were transplanted at the end of April or October and cultivated at 15, 20, 25, and 30°C under natural day length in the phytotron for 22 weeks.
Statistical analysis
Factorial experiments based on a Completely Randomized Design (CRD) were used for all experiments. Data were statistically analyzed using the General Linear Models (GLM) Procedure of SPSS (Ver. 16). The means were compared using Tukey's multiple range tests.
Results
Effect of temperature shifting
New leaf production continued after two weeks of high temperature in all examined populations (Fig. 2) . These two weeks of high temperature, however, slowed leaf development compared with continuous growth at 15°C. LYA and LKI stopped leaf production after four weeks of high temperature treatment, while LPI and FFU continued to develop new leaves even after eight weeks of high temperature treatment. Leaf development of LYA and LKI started after six weeks at 15°C after dormancy induced by four weeks at 25°C.
Effects of transplantation time in the natural environment
LYA and LKI seedlings developed new leaves for four to five weeks whenever they were transplanted into an open field, and they stopped leaf development thereafter (Fig. 3) . FWU, FFU, and LPI continued leaf development at any time they were transplanted.
Effects of temperature and growth season
Cumulative leaf number in the November-March period (winter season) was significantly less than that Fig. 3 . Cumulative leaf number of three L. longiflorum and two L. formosanum populations after transplantation in June (Group 1), July (Group 2), and August (Group 3). in the May-September period (summer season) in all populations (Fig. 4) . FFU population had a higher leaf number at 25 and 30°C than L. longiflorum populations in the winter season, but not at 15 and 20°C. All populations continued developing new leaves in both seasons at 15°C (Fig. 5 ). FFU and LPI produced new leaves at 20 and 25°C but the other populations did not in May-September, whereas all populations stopped new leaf development at those temperatures in NovemberMarch. FFU was the only population that produced new leaves at 30°C in both seasons.
Discussion
The important role of temperature as a flower-inducing signal has been amply documented in L. longiflorum (Lin and Wilkins, 1975; Wilkins, 1977a, 1977b; Weiler and Langans, 1972) , L. speciousom (Ohkawa, 1977) , and lily hybrids (Lee and Roh, 2001; Lee et al., 1996) , while dormancy induction of lilies in natural populations was not investigated. We reported that temperature is the main factor to distinguish the degree of dormancy in L. longiflorum and L. formosanum populations of the Ryukyu Archipelago (Mojtahedi et al., 2011 (Mojtahedi et al., , 2012 . In the present study, it was shown that growth continues in all populations at low temperature (15°C), while the growth rate in winter is less than in summer. FFU is the only exception among all the populations that can continue to grow at 30°C even in the winter season (Fig. 5) . The result confirmed the previous studies that L. formosanum is a weak dormant species of the genus Lilium. Since L. formosanum grows at sea level to 3000 m (Ying, 2000) in Taiwan (Shii, 1983; Wilson, 1925) , this species seems to have the ability to grow continuously without any dormancy under a wide range of environmental conditions with different growth rates. This species might have adapted to high temperature during habituation, and this acclimatization allows it grows constantly at high temperature as well as low temperature. Our results showed that one-year-old seedlings of northern populations of L. longiflorum are induced into dormancy by high temperature and released by relatively low temperature (15°C), and the duration of the high temperature is an important factor to induce dormancy. These results contradicted previous studies in which dormancy was induced in Iris hollandica (Okubo and Uemoto, 1981) and Hyacinthus orientalis (Okubo et al., 1988a) by low winter temperature. Yasui (1973) found that high temperature is the inducing factor of dormancy in L. longiflorum 'Hinomoto' and 'Georgia' daughter bulbs, and also concluded that once the daughter bulbs are induced into dormancy by high temperature, some duration of high temperature is required to break dormancy. In short, his conclusion was that high temperature induces and releases bulb dormancy in L. longiflorum. He also showed that early harvested daughter bulbs grow at high temperature without entering dormancy, although daughter bulbs have been formed. It is conceivable that daughter bulb formation, i.e., dormancy induction, is induced by low winter temperature in the previous season, and subsequent high temperature induces dormancy. Okubo et al. (1988b) showed that dormancy is induced by low winter temperature and released by high summer temperature in L. longiflorum 'Hinomoto' using separate scales. In the present study, however, it was clear that high temperature was the inducing factor of dormancy in the seedlings, and low temperature released their dormancy only in northern populations of L. longiflorum. It is possible that the controlling mechanisms of dormancy responding to temperature are different in seedlings and mature plants in L. longiflorum.
Our results were also inconsistent with woody perennials (Anderson et al., 2005; Foley et al., 2009; Heide and Prestrud, 2005; Moss, 1969; Svendsen et al., 2007) . In the meristems of Mediterranean temperate grasses, endo-dormancy apparently starts during early winter by pre-exposure to short days and low temperatures (Ofir and Dorenfield, 1992) , and develops under increasing daylength and temperature (McWilliam and Kramer, 1968; Ofir et al., 1967; Ofir and Kerem, 1982; Ofir and Kigel, 1999) . Dormancy release in the buds of woody plants and perennial grasses was also mediated by the application of cold temperature. Compared to perennials, considerably less is known about the mechanism of dormancy induction by temperature in geophytes and consequently in natural Lilium populations. Our results, however, suggest that dormancy is induced in northern Lilium populations by high temperature in the summer while cold temperatures during winter play a key role in the release from dormancy, which is similar to bulbous, woody plants, and grasses.
It is concluded that the northern populations of L. longiflorum is induced into dormancy by high temperature and that low temperature released the dormancy. The duration of dormancy seems to be dependent on the duration of high temperature. Also, L. formosanum and the southern population of L. longiflorum have a weak dormancy trait during the adaptation to their habitats.
